Electrodeposition of Co-W alloy coatings has been carried out with DC and PC using gluconate bath at different pH. These coatings are characterized for their structure, shows higher microhardness compared to their pH8 counterparts.
Introduction
Metal alloys have attracted much attention due to their widespread applications in physics, chemistry and engineering for several years. Cobalt and cobalt alloys find their applications in the production of hard materials, magnets, tire adhesives, catalysts, colorants, chemicals, and batteries [1] . Cobalt alloys are unique for their magnetic and mechanical properties, high oxidation stability and wear resistance. The magnetic properties of electrodeposited cobalt alloys are of great interest in electronics applications, especially in the information technology and media industries, where they are used in fabricating permanent data storage devices [2] . Cobalt alloys are also used as anticorrosive protection for aerospace and autobody components production. Among the cobalt alloy materials, Co-W alloys are of great interest due to their exceptional hardness, wear resistance and high corrosion resistance. Moreover, due to high hardness of tungsten alloys, they could successfully substitute hard chromium coatings that are formed in the environmentally hazardous process based on hexavalent chromium [3, 4] .
The chromates with hexavalent chromium (CrO 3 ) have been recognized over past 10 years as a highly toxic and carcinogenic chemical [5] . Tungsten metal and its alloys are also used in ultrahigh temperature applications. Again, Co-W is known to have good magnetic property and it has recently been used in integral sensors and inductors.
Electrodeposition is widely recognized as a technologically feasible, economically superior and low temperature technique for fabricating good quality alloys [6] [7] [8] . Electrodeposition of tungsten containing alloys is an interesting phenomenon, because it has been observed that tungsten cannot be electrodeposited individually from aqueous electrolyte [9] . However, it could be codeposited from aqueous electrolyte containing iron group metals (Fe, Co, Ni) and tungstate ion, which is termed as 'induced codeposition' [9] . Electrodeposition, surface structure, morphology, composition and properties of Co−W alloys have been studied by several researchers [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Electrodeposition processes are carried out from baths containing different complexing agents. Citrate electrolyte baths are employed for the electrodeposition of Co-W alloy coatings and it has been observed that composition, structure and properties of these alloy coatings depend on the conditions of electrodeposition [16, 17] . Generally, citrate baths are employed in alkaline conditions and formation of surface cracks has been reported in some cases [17, 22] . Booze has first introduced the usage of gluconate as a complexing agent in electroless nickel [23] . Since then, gluconate is being used in the area of electro as well as electroless deposition methods. Weston et al. have used gluconate baths to electrodeposite Co−W coatings and extensively investigated different aspects of electrolyte formulations and plating conditions, microstructure, corrosion and wear behaviors [18, 19] . However, comprehensive XPS studies on the influence of different electrodeposition parameters such as pH, plating mode, bath composition lack in the literature.
The goal of this present investigation is the deposition of Co-W alloys from gluconate bath with direct current (DC) and pulse current (PC) at pH8 and pH5 and to compare their structure, morphology, composition and microhardness employing X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDXS), differential scanning calorimetry (DSC) and Xray photoelectron spectroscopy (XPS). As the alloy surface composition significantly differs from that of interior layers, surface of these alloys has been sputtered up to few 4 layers and their compositions as well as elemental oxidation states in each interior layer have been evaluated with XPS. i p = Duty ratio × i av , where Duty ratio =
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The current efficiency of the deposits has been evaluated by using the following formula Current efficiency = × 100 % The pulse profiles used for different ratios (1:1, 1:2 and 1:4) for electrodeposition is given in Fig. 1 . The current efficiencies of the deposits have been evaluated using Faraday's first law of electrolysis with electrochemical equivalence of Co−W as 0.000311 g C −1 . The plating was carried out for 1 h and the deposited coating was rinsed with deionized water and dried at room temperature.
The structure of alloy deposits was determined by XRD studies employing a PANalytical X'Pert PRO X-Ray diffractometer operated with CuKα radiation of 1.5418 Å wavelength at 40 kV and 30 mA in the 2θ range 10−80°.
The surface morphology and composition of these alloys were examined by FESEM using a Carl Zeiss Supra 40 V coupled with energy dispersive X-ray spectrometer (EDXS) from Oxford Instruments.
DSC studies for the phase transformation of these Co−W alloys were performed with a Diamond DSC (Perkin Elmer). The sample was taken in the form of a foil and cut into smaller pieces. About 0.5 g sample was put in an aluminium pan and crimped using a cover. Empty aluminium pan with cover crimped was used as a reference. [20, 26] . The variation of crystallographic orientation and phase component may be due to the different interactions with crystal planes, which induces the different growth mechanism [27] . The formation of amorphous alloy is controlled by the very complicated cathodic process. W cannot be electrochemically deposited on the cathode from the solutions of ions or complex anions.
The electrochemical formation of amorphous alloy thin layers is mainly due to a reduction of Co and W on the cathode from highly dispersed combined hydrated Co and W oxides formed in the layer adjacent to the cathode under the influence of hydrogen evolution [28] . The ratio of the hydrated Co and W oxides, in turn, is influenced and determined by the stability of the gluconate complexes in electrolyte. From the XRD patterns of Co−W alloys electrodeposited at pH8 shown in Fig. 2 , it is clear that the addition of tungsten to the Co modifies the crystallographic texture. It transforms from the polycrystalline which is regular for pure electrodeposited Co into deformed texture for Co−W alloys. Deformation of the structure causes the slight shifting of the peak position in the XRD patterns. Such shift is characteristic for tungsten alloys [29, 30] . A broad peak around 44.5° obtained for all the Co−W alloys electrodeposited at pH5
indicates the amorphous nature of deposits. Similar behavior was observed in Co−W coating electrodepositied with current density of 5 A dm −2 at pH6 [18] . Peak intensities in all samples are more or less same. Grain sizes of these alloy deposits evaluated from Debye-Scherrer method are about 2 nm. Formation of amorphous alloys is the result of deposition of mutually incoherent particles that are too small for crystalline configuration to be formed energetically. In the as-deposited Co-W alloy coatings obtained from electrodeposition with pH5, there is no evidence of the intermetallic compound like Co 3 W.
FESEM studies
The 
DSC studies
DSC profiles of all Co−W alloy coatings deposited at pH8 are presented in Fig. 4 and no appreciable transitions could be observed in the profiles. This behavior suggests that the alloy coatings are already in crystalline form and further crystallization is not possible in the temperature range used for scanning. This finding agrees well with our XRD results. The thermograms also show that the sample has no retained recovery energy and a reduction in the recrystallisation energy [32] . DSC profiles of Co−W deposits obtained at pH5 with direct and 1:4 pulse current are given for comparison. As seen from the XRD patterns all the coatings electrodeposited with direct and pulse current are amorphous/nanocrystalline which can also be called as a metastable phase.
These metastable alloys undergo phase transformation to become completely stable phases. DSC curves of DC and PC electrodeposited Co−W alloy plated at pH5 contain two exothermic peaks at 160 and 322 °C and one endothermic peak at 490 °C. The DSC profiles with higher scanning rates demonstrate that the two exotherms are not major and hence could not be ascribed to the crystallization of any stable phases in the deposits. The presence of these exothermic peaks could be attributed to the internal rearrangement of atoms at these temperatures or structural relaxation such as annihilation of point defects and dislocations within the grains and grain boundary zones. Since the two exothermic peaks present are very shallow and are not very prominent the attention is shifted to the unusual endothermic peak at around 490 °C. The presence of endothermic peak at higher temperature may be due to the partial melting of some of the phases present in Co−W deposit. The endothermic peak observed in the coating might have formed due to increased disorderliness in the coating at this temperature. Increase in disorderliness actually means the increase in entropy of a system. From the definition of thermodynamics it can be proved that the increase in disorderliness (entropy) of a system is accompanied by heat intake by the system which conforms to the appearance of the endothermic peak.
XPS studies
XPS studies of these alloy coatings could lighten information on the elemental composition and their oxidation states both on the surface and in the bulk up to few layers. Therefore, extensive XPS studies of these alloy coatings have been carried out.
DC electrodeposited Co−W alloy coatings
In Tables 1 and 2, respectively.
X-ray excited Auger electron spectroscopy (XAES) of CoL 3 VV was also carried out to get insight into nature of Co species during several stages of sputtering of DC alloy electodeposited at pH8 and it is shown in Fig. 7 . As-deposited coating shows a peak at 770.0 eV that corresponds to Co 2+ species only [36, 37] . Upon sputtering higher kinetic energy peak at 771.5 eV gets slowly developed that could be related to metallic Co species indicating the formation of metallic component in the successive layers. Shift of oxidized peak to lower binding energy at 767.8 eV is also observed during sputtering.
Hence, XAES results obtained in the present alloy coating agree well with XPS findings. respectively. It important to mention that the intensities of 29−34 eV binding energy region peaks are much more in the alloy plated at pH5 compared to alloy plated at pH8.
Peak related to Na2p could not be observed in alloy plated at pH5 as intensity ratio of Tables 7 and 8 , respectively.
Relative surface concentration
Relative surface concentrations (at.%) of Co and W of as-deposited and sputtered alloys electrodeposited at pH8 and pH5 have been estimated by the relation [40] : Table 9 .
Microhardness studies
Microhardness measurements of all Co−W alloy deposits plated at pH8 and pH5
were carried out on the surface of as-deposited alloys and the values are given in Table   10 . As-deposited Co−W alloys plated at pH8 exhibit average hardness value of 370 HK, whereas coatings electrodeposited with pH5 have average hardness value of 500 HK. The hardness obtained is higher than electrodeposited Co (~300 HK) and the values are higher than the values obtained by Eskin and coworkers [3] . On the other hand, hardness values in the present study are less compared to the values reported by Weston et al. [18] and Su et al. [43] . They got a hardness value of about 1000 kgf mm 
Discussion
In the present study, we have investigated surface structure, morphology and composition of Co−W alloys electrodeposited with direct and pulse current at pH8 using gluconate bath. We have also studied effect of different pH on their surface structure, morphology and composition. Co−W alloys electrodeposited at pH8 are crystallized mainly in Co 3 W phase, whereas pH5 plated alloys are amorphous with hcp phase of Co having grain sizes in the range of 2 nm. Surface morphology studies show that alloys are free from microcracks and they are smooth at pH5 and relatively very rough at pH8. species in all alloys could be due to CoO or Co(OH) 2 . Co(OH) 2 might be present on the surface of the alloys as alkalization of the electrolyte occurs at the cathode layer due to hydrogen evolution during electrodeposition [30, 34, 45] . This could be substantiated from the core level O1s spectra. XPS of O1s core level region of both as-deposited coatings reveal that spectra could be deconvoluted into several peaks as spectral envelop are broad in nature. Deconvoluted O1s spectrum of as-prepared coating obtained from pH8 is shown in Fig. 11 . The as-deposited sample shows main peak at 532.2 eV that corresponds to oxygen associated with OH, whereas small peaks at 530.8 and 533.7 eV could represent oxygen corresponding to CoO and H 2 O species associated with the sample respectively [46] . The peak at 535.9 eV that could correspond to NaKLL peak deposited on the surface from the solution [39] . Intensity of lower binding energy peak associated with CoO increases with sputtering and it becomes the main species. However, W 6+ species could be assigned for WO 3 in all deposits. There could be possibility of the formation of mixed CoWO 4 in the alloy deposits. It is important to note that Co 2+ and W 6+ are the main species in alloy coating electrodeposited with direct current at pH8 in different stages of sputtering, whereas pH5 plated alloy electrodeposited with direct current contains comparatively much more Co and W metallic species along with their oxides during sputtering. However, Co 2+ is the predominant species in pulse current plated films at pH8 and pH5 in all stages of sputtering. Again, oxide of tungsten is the only tungsten species even after 30 min sputtering of these alloys in case of pH5 plated alloys prepared with pulse current in contrast to pH8 plated alloys where some amount of metallic W is present. Relative surface concentration evaluated from XPS demonstrates that Co is segregated on the surface of all alloys electrodeposited at pH8 and pH5 and it is observed that 1:2 PC plated alloys in both pH has lowest amount of W. There might also be formation of intermetallic phases on the surface or subsurface regions according to the Co and W concentrations. However, there is no significant change of Co and W 20 concentrations in all alloy deposits upon successive sputtering (Table 9) studies, but 36% of its W is in metallic form (see Table 4 ). Therefore, relatively lower microhardness observed in coating electrodeposited with DC at pH5 could be due to the presence of less amount of alloyed W.
Microhardness increases in these alloy deposits compared to
Conclusions
Co−W alloys were deposited with DC and PC modes at pH8 and pH5 using gluconate bath. XRD patterns indicate that alloys electrodeposited at pH8 are crystalline in nature, whereas alloys plated with pH5 are nanocrystalline with 2 nm grain size. There is no significant transition in DSC profiles of alloys plated at pH8, but exothermic and endothermic peaks could be observed in alloys plated at pH5. 
